Evidence is presented supporting the hypothesis that reovirus intermediate subviral particles (ISVP), which show increased infectivity relative to intact virions, can gain entry into host L cells by two alternative pathways. One pathway is by the process of viropexis, involving phagocytic vacuoles. A second entry pathway is via direct penetration of the plasma membrane of the cell, without involvement of a phagocytic vacuole. Using electron microscopy, a kinetic analysis of the uptake process was carried out. Results indicate that at 37 °C ISVP gain entry into host cells primarily by direct entry, although viropexis also occurs, while intact virions gain entry by viropexis almost exclusively. A second line of experimental evidence consistent with the idea that ISVP can 'melt' their way through the plasma membrane is provided by studies on the release of pre-loaded radioactive 51Cr from host cells following infection. 51Cr release data demonstrate that infection with ISVP leads to an immediate increased leakiness of the cell plasma membrane, whereas no such increase takes place following infection with an equivalent number of intact virions. This demonstrates that ISVP can interact with the plasma membrane of the cell in a manner which is qualitatively different from the interaction between intact virions and the plasma membrane.
INTRODUCTION
Proteolytic digestion of intact reovirus can result in increased titres of infectivity as measured by plaque forming ability on cell monolayers (Spendlove & Schaffer, I965; Wallis et al. I966; Spendlove et al. I97o; Borsa et al. I973b) . It has been shown in one-step growth experiments that infection of cells with chymotrypsin-digested virus particles results in a virus growth curve showing both a markedly shortened eclipse phase and a significantly greater final yield as compared to infection with intact, non-digested particles (Cox & Clinkscales, I976; Borsa et al. I979) . Our previous investigations into this phenomenon have correlated the increased infectivity of the virus particles with their conversion to intermediate subviral particles (ISVP; Borsa et al. I973b) , which are intermediates along the virion uncoating pathway, both in vitro and in infected cells (Borsa et al. I974, ~979) . Our previous studies on the intracellular conversion of input ISVP to the metabolically active form of parental virus particle (Borsa et al. I979) suggested the possible existence of two alternative pathways for entry and uncoating to the level of active transcriptase. In this paper we present experimental evidence supporting the hypothesis that reo ISVP can enter the host cell either by viropexis or by direct penetration of the cell plasma membrane, while intact virions appear to be restricted to the route involving viropexis.
METHODS

Cells and virus.
Reovirus type 3, Abney strain, was used throughout these studies. Details of virus propagation in suspension cultures of mouse L cells and purification of virus have been previously presented (Borsa et ak ~973c) . Production of radioactively labelled virus has also been described (Borsa et al. I973a) .
Preparation of ISVP. Conversion of purified reovirus to ISVP and subsequent purification of the ISVP have been described (Borsa et al. 1974)- Infection of cells for electron microscopic studies. Suspension cultures of L cells (in exponential growth phase) were harvested by low speed centrifugation (IO min at 500 g) and were resuspended at approx, io 7 cells/ml in serum-free MEM (GIBCO, Grand Island, N.Y.) medium containing virus particles of the specified type. Such cell-virus suspensions were incubated at room temperature for 30 min, after which the cells were diluted to about Io 8 cells/ml by the addition of pre-warmed MEM containing 7 ~ (v/v) foetal calf serum. Zero time is taken as the time of dilution, except where indicated otherwise. The infected cultures were incubated in a 37 °C water bath for the desired time interval. Cells were stirred throughout by means of a magnetic stirrer. After the desired incubation interval, cells were harvested by low speed centrifugation, washed once in PBS and the pellet was prepared for ultramicrotomy and electron microscopic examination as described below.
During the course of these studies, cell suspensions were inoculated with variable numbers of virus particles per cell, ranging from about 2ooo to 6oooo. The early events, as observed by electron microscopy, seemed to be independent of the multiplicity used, except as regards the frequency of observation. For most of the micrographs presented in this paper the cell suspension was inoculated with 5ooo to 20 ooo particles per cell.
Preparation of infected cells for electron microscopy. The infected cells were prepared for electron microscopy by Hayat's rapid procedure (Hayat, I972 ) using Millonig's phosphate buffer, pH 7"3, and were embedded in Spurr's low viscosity epoxy mixture. Thin 'gold' sections were cut with a diamond knife, picked up on 2oo mesh carbon-coated grids and then double-stained with Reynolds' lead citrate and uranyl acetate. The grids were viewed in a Philips EM 3oo electron microscope.
Infection of monolayer cultures to determine 51Cr leakage. Monolayer cultures in 35 mm plastic Petri dishes (Falcon, Division of Becton, Dickinson and Company, Canada Ltd, Mississauga, Ont., Canada) were loaded with ~lCr by overnight growth in medium containing 20/~Ci/ml sodium chromate (51Cr). The labelled medium was aspirated and the monolayer was washed three times with Hanks' balanced salts (GIBCO, Grand Island, New York). Purified intact virions or ISVP (at the specified particle to cell ratio) were added to the monolayer in o.Io ml of MEM medium and allowed to adsorb for 3o min at room temperature, after which 3 ml of pre-warmed MEM containing 7~ FCS was added and the infected monolayers were incubated at 37 °C. At the specified time the culture medium was aspirated and centrifuged (5o0 g for lo rain) to remove any cells. The 5~Cr present in the medium was determined by counting a sample of the medium in a gamma counter. The amount of pre-loaded label available for leakage from the cells was determined by trypsinizing and freeze-thawing a sample of the cells three times to artificially lyse them, centrifuging to remove the debris and counting the gamma activity in a sample of the supernatant.
Kinetics of adsorption of virus particles to cells.
A suspension culture of L cells (~ Io T cells per ml of serum-free MEM) was inoculated with radioactively labelled virus particles (approx. IOOOO particles/cell) and was incubated at room temperature. Radioactively labelled (3H-amino acids) virus particles of the specified type were used to inoculate a suspension culture of L cells as described in the Methods. At the time points indicated samples of the suspension were centrifuged and the percentage of virus remaining in the supernatant was determined. The three particle types were inoculated at identical particle to cell ratios. The data points are the mean of two independent experiments. intervals, 2 ml samples were removed and centrifuged (5oog for Io min) to remove the cells and adsorbed virus. A sample of supernatant, containing the unadsorbed virus, was counted in Triton-toluene scintillation fluid to assay the extent of adsorption.
Chemicals. Radioactive 51Cr (as sodium chromate) was supplied by NEN (Canada) Ltd
Lachine, Que., Canada. All other chemicals were reagent grade, purchased from regular commercial suppliers.
RESULTS
Kinetics of adsorption of virus particles to cells
Fig . I shows the adsorption kinetics for intact virions, ISVP and cores, respectively. It can be seen that both ISVP and intact virions adsorb to cells with essentially identical kinetics and to a similar extent. Adsorption of cores is significantly less efficient than of either ISVP or intact virions. These data eliminate the possibility of differential adsorption efficiency accounting for the reported infectivity differences between ISVP and intact virions.
Electron microscopic analysis of virus particle uptake Fig. 2(a) shows a typical distribution of intact virus particles at the cell periphery at zero time. Fig. 2(b) shows the zero time distribution for ISVP. In both instances numerous virus particles are seen to adhere to the cell surface. These electron micrographs confirm that both types of particles adsorb efficiently to the cell surface at room temperature. The electron micrographs which follow below demonstrate the fate of the particle subsequent to incubation of the cell: virus complexes at 37 °C for specified time intervals. With intact virus as inoculum, the corresponding values are 65.27O and 74"47o at I5 and 3o min, respectively. This suggests that, under our experimental conditions, uptake of intact virus is more efficient, on a strictly numerical basis, than is uptake of ISVP. (iii)
With intact virus as inoculum, 6 ~ or 7 7O of the virus particles entering the cell during the 3o min incubation at 37 °C are 'free'. This indicates that uptake is predominantly by viropexis. (iv) With ISVP-infected cells, some 5 6~ to 8 o~ of the virus particles entering the cell during the 3 ° min incubation at 37 °C are 'free'. (The large range in this estimate may be because in these cells some particles are difficult to classify. We chose not to include such ambiguous cases in the 'free' category; thus our estimate of the proportion of particles which are in the 'free' category is conservative and represents a minimum value.) This observation indicates that, at 37 °C in ISVP-infected cells, the uptake process which leads to 'free' particles in the cytoplasm is much more efficient than is this same process in cells infected with intact virions. Further, the uptake process at 37 °C leading to 'free' particles in ISVP-infected cells is more efficient than is the uptake leading to virus particles contained within membranous vesicles in these same cells.
To account for these observations, we suggest that ISVP can gain entry into cells by two alternate pathways. The first pathway, which accounts for the virus particles contained within membranous vesicles, is viropexis. The second pathway, which accounts for the 'free' particles within the cell cytoplasm, is direct traversal of the cell plasma membrane, without any involvement of a phagocytic vacuole. We further suggest that intact virions are restricted to the entry mode involving viropexis. The small proportion of 'free' particles in cells infected with intact virions can be explained as arising from contaminating ISVP present in the intact virus preparation. It is very difficult to obtain intact virus preparations which are entirely free of ISVP. 0"047 (7) Uptake as 'free' at 37 °C (8) % of total uptake which is 'free' (7 + 4) / IOO -- 56.2 % --7.I % 6"I % * Virus particles which were inside the plasma membrane of the cell but which were definitely not associated with any form of vesicle were classified as 'free'. In Fig. 5 two electron micrographs are shown which are very suggestive of direct entry by ISVP. (We recognize of course that it is hazardous to infer dynamic behaviour from a single static picture of the process.) In Fig. 5(a) a particle is shown which is immediately adjacent to an apparent discontinuity of the plasma membrane. In Fig. 5(b) a particle is shown which again is very near a region of m e m b r a n e discontinuity, but in addition a 'free' particle is shown which is inside the cell, only a few particle diameters away from the m e m b r a n e discontinuity.
In the following section, evidence of an entirely different sort is presented which further supports our suggestion.
Effect of IS VP and intact virions on 51Cr release from pre-loaded host cells
Reasoning that, if ISVP can 'melt' their way through the plasma m e m b r a n e to gain entry into the cell and that intracellular soluble material might escape through the resulting During the first 3o rain the cell monolayer was washed at the indicated time with 3 ml of MEM at 23 °C and a sample was immediately removed for determination of released 51Cr as described in the Methods. At 3o min 3 ml of MEM at 37 °C was added to all the monolayers and samples were removed at the times indicated. A--A, O--O, ISVP at Io 5 and 3 x ~o 4 particles/cell, respectively; I1--11, A--A, intact virus at io 5 and 3 × Io4 particles/cell, respectively; Q--D, mock-infected cells.
'holes', we examined release of 5XCr from cells following infection with ISVP or intact virions. The procedure was as described in the Methods. Fig. 6 shows that infection with ISVP results in an immediate leakage of 5xCr from the infected cells at a rate which is proportional to the particle/cell ratio. Infection with an equivalent number of intact reovirus particles does not change the 5~Cr leakage rate from that seen with mock-infected cells. These data show clearly that ISVP interact with the plasma membrane of the cell in a manner qualitatively different from the interaction involving intact virions and the plasma membrane. This is consistent with our suggestion that ISVP can directly penetrate the plasma membrane while intact virions apparently cannot do so.
DISCUSSION
The data presented ~tbove strongly suggest that reo ISVP are capable of gaining entry into the cytoplasmic compartment of host cells by direct traversal of the plasma membrane. The main experimental observations supporting the direct entry hypothesis for ISVP are: (i) the kinetics of appearance of 'free' parental virus particles in the cytoplasm of ISVPinfected cells (Table I ). Quantitative data indicate that during the first 3o min of incubation at 37 °C, following adsorption at room temperature, the majority of the virus particles taken into the host cell are not associated with any sort of membranous vesicle. This is in contrast to the situation with intact virus as inoculum where over 9o ~ of the virus particles taken into the cell during this same time interval are contained within phagocytic vacuoles;
(ii) the ISVP-induced leakage of radioactive 51Cr from host cells (Fig. 6) . In ISVP-infected cells, the leakage rate is proportional to the number of virus particles per cell used for inoculation. Again, this is in contrast to the situation with intact virus as inoculum, where no leakage of 51Cr is observed at equivalent virus particle/cell inoculations ;(iii) the electron microscopic observation of ISVP in close proximity to regions of apparent discontinuity of the plasma membrane (Fig. 5) . This is perhaps the weakest line of evidence, since it is not possible to interpret such pictures unambiguously in terms of a dynamic process. Nevertheless, if direct traversal is a reality then such pictures would be expected. Hence I69 these micrographs satisfy a requirement that is necessary, although not sufficient, to establish the reality of direct entry. The micrograph shown in Fig. 5 (b) is especially interesting. This shows two particles, one being just outside the cell very near an apparent discontinuity in the plasma membrane and a second being just a few particle diameters inside. The latter panicle is entirely free within the cell cytoplasm, with no evidence whatsoever of any membranous vesicle associated with it. Taken together, these data are difficult to explain without invoking the direct entry hypothesis.
Other investigators have published data supporting the suggestion of direct entry by various other non-enveloped viruses. These include adenovirus-2 (Morgan et aL I969; Brown & Burlingham, 1973) and poliovirus (Dunnebecke et aL 1969) . Further evidence supporting the possibility of direct entry is provided by studies on the permeability of model membranes to various types of virus (Petkau & Chelack, I967; Petkau & Parker, 1967; Chelack et al. t 972) . Suitable model system studies might prove useful for elucidation of the mechanism(s) involved in crossing the membrane.
In summary, the above considerations constitute strong support for the hypothesis that reo ISVP are capable of gaining entry into host L cells by direct penetration of the cell plasma membrane. Presumably the same membrane-penetrating properties which allow ISVP to escape from within phagolysosomes manifest themselves in the penetration of the plasma membrane. Intact virions appear unable to gain entry by the direct route. These observations could account for the increased infectivity of reo ISVP relative to the intact virions, since intact virions must be converted to ISVP within phagolysosomes and escape of the ISVP from within phagolysosomes appears to be quite inefficient (Silverstein & Dales, 1968; Borsa et al. I979) , while externally-generated ISVP can by-pass this step by direct entry. This by-pass of an inefficient step could be the basis for the enhancement of reovirus infectivity by proteolytic digestion.
